Studies
and metH genes. We recently purified the MetR protein from Escherichia coli and showed that it could stimulate the in vitro expression of the metE gene and autoregulate its own synthesis. In the present study, the purified MetR protein has been shown to stimulate the in vitro expression of the metH gene. Also, the in vitro synthesized MetE, MetH, and MetR proteins were shown to be biologically active. The transcription start sites for the metE and metR genes have been determined, and DNA footprinting experiments have identified regions in the metEmetR intergenic sequence that are protected by either the MetR or MetJ proteins.
The terminal reaction in the biosynthesis of methionine in Escherichia coli involves the transfer of a methyl group from N5-methyltetrahydrofolic acid to homocysteine. This reaction can be catalyzed by either oftwo enzymes with distinctly different characteristics (for a review, see ref. 1). The first is the product of the metE gene and is a vitamin B12-independent enzyme, whereas the second enzyme contains vitamin B12 as a prosthetic group and is the product of the metH gene. Both enzymes have been purified (2, 3) and their respective genes cloned (4) (5) (6) (7) . It is well documented that the expression of the metE gene, and other met genes with the exception of metH, are repressed by the addition of high levels of methionine to the growth medium (8) (9) (10) (11) (12) (13) (14) . This repression requires the MetJ protein and a corepressor, S-adenosylmethionine (AdoMet) (15) (16) (17) (18) (19) . In addition, it is known that vitamin B12 can repress in vivo the synthesis of both the MetE and MetF enzymes (8, 9) , and this is believed to be mediated by the MetH holoenzyme (9) . Recently, a methionine regulatory locus, metR, has been described in both E. coli and Salmonella typhimurium (14) . The results of these genetic experiments indicated that metR encodes a protein that is required for the expression of the metE gene and to a lesser extent, the metH gene. We MATERIALS AND METHODS E. coli strain RK4536 (metE, metH) was obtained from the E. coli Genetic Stock Center (Yale University) and GS244 (metR, pheA905, thi) from G. Stauffer (14) . The construction of plasmids pRSE562 (metE and metR genes), and pQN1011, (metH gene) have been described (7, 20) . The MetJ and MetR proteins were purified as described (15, 20) and AdoMet was obtained from Sigma and further purified (21) . Methyl-B12 was synthesized from vitamin B12 (Sigma) as described elsewhere (22) . Pteroyl-y-glutamyl-y-glutamic acid (folateGlu3) was kindly provided by L. Ellenbogen (Lederle Laboratories). DL-H4folate-Glu3-and DL-N5-[14C]methylH4folate-Glu3 were prepared as described (23, 24 of protein), other components as described (27) , and either plasmid pRSE562 (1.5 ttg) or pQN1011 (1.2 ,ug).
[35S]Methionine (15,Ci; 1100 Ci/mmol; 1 Ci = 37 GBq) was used in those experiments in which the radioactive product was separated by gel analysis and unlabeled methionine was used when the product was assayed for biological activity.
For the latter studies, 20-,ul (30) . DNA for MetJ footprinting was prepared from plasmid pMM450, which contains the metEmetR intergenic sequence upstream of the 83-galactosidase coding sequence. To obtain pMM450, the vector pMC1403 (31) was digested with Sma I to allow the insertion of the intergenic sequence from pRSE562. This construction placed the intergenic sequence between two unique restriction sites, BamHI and EcoRI. For footprinting, the BamHI/EcoRI fragment was purified from an agarose gel. Reverse transcriptase was used to end label the fragment, and a secondary cleavage was performed with Nru I to generate an -292-bp fragment, labeled at the BamHI (metR) end. This fragment contains 50 bp of DNA encoding metE, the metE-metR intergenic region, and 6 bp of DNA encoding metR. The labeled DNA fragments for MetR and MetJ binding were used for DNase I protection footprinting experiments by a modified procedure of Galas and Schmitz (32) . . line 3) . The addition of MetJ and AdoMet to incubations containing MetR also results in a 75% inhibition of metE expression but no effect on MetH expression (line 2 vs. line 4). The data in Table 1 confirm the results obtained by gel analysis (Fig. 1) . Using this quantitative enzymatic assay, the effect of MetR concentration on MetE and MetH synthesis was studied. Fig. 2 shows that 0.8-1.0 ,.g of purified MetR protein is sufficient to give maximal MetH synthesis, whereas 4-5 times more MetR protein is required for MetE synthesis.
RESULTS

Effect of MetR
To determine whether the MetR synthesized in vitro was biologically active as a transactivator of metH expression, a two-step incubation was used as described in Materials and Methods. indicate that the MetR protein synthesized in vitro from plasmid pRSE562 is biologically active.
Transcription Start Sites. The in vivo transcription start sites for both metE and metR were determined by using a primer-extension method (29) . Fig. 3 shows that a single start site was found for metE (lane E) located 169 nucleotides upstream of the translation start site of the protein and designated + 1 in Fig. 5 (see below) . In contrast, two start sites (RP1 and RP2) of equal intensity were found for metR (lane R), located at -29 and -47, respectively, upstream of the metE transcription start site (see Fig. 5 ). The metE and metR start sites are located very close to those previously reported for S. typhimurium (33) , although in the latter organism the two start sites for metR were separated by only two bases. DNA Footprinting. DNA footprinting experiments were performed to identify regions that could be protected by the MetR or MetJ proteins against DNase I digestion (see Materials and Methods). As shown in Fig. 4 Fig. 5 . Fig. 4 also shows that when 400 ng of MetJ protein is used, a region of -35 nucleotides (-8 to +27) of DNA is protected (lane 3 Primer-extension mapping of the 5' ends of the metE and metR mRNA. Total cellular RNA extracted from GS244 transformed with pRSE562 or E. coli B was used for mapping of the 5' ends of the metR and metE transcripts, respectively. After hybridization and reverse transcription, the reaction mixtures were extracted with phenol/chloroform, precipitated with ethanol, and subjected to electrophoresis (29) the region at positions -8 to +27 was protected only in the presence of AdoMet, and there was no protection ofthe +102 to +137 region. These data suggest that the metE-metR intergenic space contains two distinct regions where MetJ binds, one of which (region -8 to +27) has a much higher affinity for MetJ.
DISCUSSION
Previous in vivo data suggested that the MetR protein is a transactivator of both metE and metH expression (14) . Recent results from this laboratory have provided direct evidence that purified MetR protein can stimulate the synthesis of MetE in a DNA-directed in vitro protein synthesis system (20) . The results of the present study extend these observations and show that the MetR protein also stimulates the in vitro expression of metH and that both the MetE and MetH proteins synthesized in vitro are enzymatically active. Enzymatic activity provides a rapid and quantitative assay for the amounts of both proteins synthesized in the in vitro system. Thus, it was found that the MetR protein stimulated metE expression -16-fold and metH expression -8-fold. This is consistent with in vivo data that showed a greater stimulation by the MetR protein of metE expression than metH expression (14) . In addition, while the MetJ protein and AdoMet significantly inhibited the expression of metE (either in the presence or absence of the MetR protein), they had little or no effect on the expression of metH. These results agree with in vivo results in E. coli that showed that high levels of methionine can repress metE expression but not metH expression (6, (8) (9) (10) . Also, a recent report (34) showed that the promoter region of the metH gene from S. typhimurium lacks the MetJ repressor recognition sequence (met box) that is present in the other methionine biosynthetic genes (19) . It was also found that =5-fold more MetR was required to give maximal expression of the metE gene compared to the metH gene. The reason for this difference is not clear but it may be related to the observation that S-30 preparations appear to contain a specific inhibitor of MetE synthesis (data not shown). Alternatively, another yet unidentified factor may be required for MetR transactivation of metE, but not metH, expression. In this regard, Stauffer and coworkers (38, 39) DNA footprinting experiments were carried out to obtain more information on the mechanism of regulation by MetJ and MetR on the expression of metE and metR. MetR protein was found to protect only one area of the DNA and this area is located close to the beginning ofthe transcription start sites for metR and =49 nucleotides from the metE start site (Fig.  5) . It should be mentioned that Plamann and Stauffer (35) noted that a deletion in this area resulted in a loss of MetR activation of the in vivo synthesis of a metE-lac fusion protein. The finding of only one MetR binding site suggests that the binding of MetR to this region may be responsible for both the activation of expression of metE as well as the autoregulation of metR (20, 36) . In addition, the E. coli metR gene has been sequenced (data not shown) and the deduced amino acid sequence reveals the presence of a helical region containing four leucine residues seven amino acids apart. This motif, called the leucine zipper, has been found to be a characteristic of several eukaryotic DNA binding proteins (37) . The leucine zipper has been proposed to play a role in protein dimerization, which is required for DNA binding. Preliminary cross-linking experiments have shown that the MetR protein exists as a dimer (data not shown).
Since it is now clear that the MetR protein is a transactivator of both metE and metH expression, it would be predicted that the control region of the metH gene would have a nucleotide sequence homologous to that of the MetR binding region of the metE gene. Urbanowski and Stauffer (34) observed a short region of dyad symmetry, upstream of both the S. typhimurium metE and metH genes, that was similar. This region of dyad symmetry (TGAA ... TTCA) is also found in the E. coli metE upstream region and is contained within the MetR binding sequence. It would be predicted that the E. coli metH gene, when sequenced, will prove to have a similar region of dyad symmetry in the region where MetR binds.
Proc. Natl. Acad. Sci. USA 86 (1989) 
4411
The results with the MetJ protein are somewhat more complicated. Two areas of the DNA were protected by MetJ in the presence of AdoMet. Both of these areas contain DNA sequences that are at least 50% homologous with putative met boxes (19) . However, the region located between -8 to +27 (Fig. 5 ) was protected by MetJ at 10 times lower concentrations than those needed to protect the area at + 102 to + 137 (data not shown). These results suggest that although MetJ can bind to two regions ofthe DNA, it has a much higher affinity for the sequences at -8 to +27. It is ofinterest to note that the -8 to +27 area encompasses both the -35 region for the RP1 transcription start signal and the transcription start site for metE. Thus, binding of MetJ to this area could serve to simultaneously repress both metR and metE expression. In addition, it has recently been reported that mutations within the -8 to +27 region result in a partial loss of repression by methionine ofthe synthesis of mefE-lac fusion protein in vivo (35) . These latter results, together with the experiments described here showing that MetJ binds to this region of DNA, strongly suggest that the -8 to +27 region is involved in metE repression.
